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Mysteries in hadron 
spectroscopy 

Low-energy QCD: big challenge
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Nucleon structure



New era of hadron spectroscopy since 2003:
Charmed mesons
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Mass discrepancies 



X(3860)

 Some states are very close to two-body S-wave thresholds

Hidden-charm XYZ states
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Bottomonium spectrum: much less states observed
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Y(10750)



Pentaquark candidates: Pc
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Pentaquark candidates: Pc in 2019
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LHCb, PRL122(2019)222001

No evidence of Pc at GlueX in 𝛾𝛾𝑝𝑝 → 𝐽𝐽/𝜓𝜓𝑝𝑝 PRL123(2019)072001 
Limits on the branching fraction: B(𝑃𝑃𝑐𝑐 → 𝐽𝐽/𝜓𝜓𝑝𝑝) ~ (0.05-0.5)%  

X. Cao,  J.-P. Dai, PRD100(2019)054033



Production of pentaquarks and XYZ in semi-inclusive processes
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 In addition to the final states with 𝐽𝐽/𝜓𝜓, it’s important to search for hidden-charm XYZ 

states and pentaquarks through open-charm final states 

Gryniuk, Vanderhaeghen, PRD94(2016)074001

 Photoproduction: 𝜎𝜎 𝛾𝛾𝑝𝑝 → 𝐽𝐽/𝜓𝜓𝑝𝑝 ~ 𝑂𝑂 10 − 100 nb , (no resonant enhancement 

considered), 𝜎𝜎 𝛾𝛾𝑝𝑝 → 𝑐𝑐 ̅𝑐𝑐𝑋𝑋 ~ 20 − 50 × 𝜎𝜎 𝛾𝛾𝑝𝑝 → 𝐽𝐽/𝜓𝜓𝑝𝑝

 Electroproduction: cross sections are roughly two orders of magnitude (𝛼𝛼) smaller 

 For an integrated luminosity of 50 fb-1, no. of 𝐽𝐽/𝜓𝜓 is ~ 𝑂𝑂 107 − 108 ; many more open-

charm hadrons 𝐷𝐷 and Λ𝑐𝑐



Production of pentaquarks and XYZ in semi-inclusive processes
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 𝐵𝐵(𝑃𝑃𝑐𝑐 → Λ𝑐𝑐 �𝐷𝐷(∗)) is expected to be one order of magnitude larger than  𝐵𝐵(𝑃𝑃𝑐𝑐 → 𝐽𝐽/𝜓𝜓𝑝𝑝)

 In hadronic molecular model, 𝑃𝑃𝑐𝑐 states couple dominantly to Σ𝑐𝑐
(∗)�𝐷𝐷(∗).

 X(3872) couples dominantly to 𝐷𝐷�𝐷𝐷∗ (>30%); 

similarly for Zc(3900)    BESIII

See, e.g., Y.-H. Lin et al., PRD95(2017)114017

J.-J. Wu, B.-S. Zou, E. Oset, J. Nieves, M. Pavon Valderrama, L.-S. Geng, M. Karliner, FKG, …

M.-L. Du, V. Baru, FKG, et al., PRL124(2020) 072001

PDG2019



Production of pentaquarks and XYZ in semi-inclusive processes
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 Production of 𝑃𝑃𝑐𝑐 in semi-inclusive reactions:

Σ𝑐𝑐
(∗)

�𝐷𝐷(∗)

anything

𝑃𝑃𝑐𝑐

The cross section can be estimated as

∝ 𝜎𝜎 Σ𝑐𝑐
∗ �𝐷𝐷 ∗ × |𝐺𝐺Λ|2 × |𝑔𝑔eff|2

The method has been used to estimate the X(3872) production at hadron colliders

Event generators

Artoisenet, Braaten, PRD83(2011)014019; FKG, Meißner, W. Wang, Z. Yang, EPJC74(2014)3063

Albaladejo, FKG, Hanhart et al., CPC41(2017)121001



Production of pentaquarks and XYZ in semi-inclusive processes
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 There are seven 𝑃𝑃𝑐𝑐 states in hadronic molecular model with heavy quark spin symmetry:

Xiao, Nieves, Oset, 1304.5368; Liu et al., 1903.11560; Sakai et al., 1907.03414; ...

𝑔𝑔eff



Production of pentaquarks and XYZ in semi-inclusive processes
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 production of the X(3872)

𝜎𝜎 𝑒𝑒−𝑝𝑝 → 𝑋𝑋 3872 + anything 𝐵𝐵(𝑋𝑋 → 𝐽𝐽/𝜓𝜓𝜋𝜋+𝜋𝜋−) at 𝑄𝑄2 > 1 GeV2 estimated using 

NRQCD with input from hadron colliders  (courtesy of Xiaojun Yao)

CM energy 10 GeV 15 GeV 20 GeV 100 GeV

Cross section 0.04 pb 0.13 pb 0.26 pb 2.6 pb

Considering an integrated luminosity of 50 fb-1, no. of 𝑋𝑋(3872) is ~ 𝑂𝑂 103 − 105



Exclusive production of 𝑃𝑃𝑏𝑏
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 𝑃𝑃𝑏𝑏 states (bottom analogue of 𝑃𝑃𝑐𝑐) X. Cao, FKG, Y.T. Liang et al., 1912.12054

Nonresonant: fitted using the soft dipole Pomeron model
Martynov, Predazzi, Prokudin, EPJC26(2002)271, PRD67(2003)074023

Assuming B 𝑃𝑃𝑏𝑏 → Υ𝑝𝑝 = 5% ((0.5 − 5)% for the band inserted plot)

 Photoproduction: 𝜎𝜎 𝛾𝛾𝑝𝑝 → Υ𝑝𝑝 ~ 𝑂𝑂 10−2 -10−1nb , 𝜎𝜎 𝛾𝛾𝑝𝑝 → 𝑏𝑏�𝑏𝑏𝑋𝑋 is about two orders 

higher; possibility of detecting the open-bottom hadrons 𝐵𝐵 and Λ𝑏𝑏?



Summary
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Complementary to 
 EIC and EicC will also contribute a lot to hadron

spectroscopy

 Consider open-flavor final states (challenge: detection

efficiency?)

 Supplementary to existing experiments Different

production mechanisms: free of triangle singularities

in B and Λ𝑏𝑏 decays

Thank you for your attention!



15

EicC: Electron-ion collider in China

 CM energy: 15-20 GeV

 Luminosity: (2-4) * 1033 cm-2s-1 

 Polarized beams
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Production processes of hidden-charm states
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Production processes of hidden-charm states
 In weak decays 𝑏𝑏 → 𝑐𝑐 ̅𝑐𝑐 𝑠𝑠

𝐵𝐵 → 𝐾𝐾 𝑋𝑋, Λ𝑏𝑏 → 𝐾𝐾 𝑃𝑃𝑐𝑐Three/four-body hadronic decays:

 Masses limited to

 Masses of initial states fixed 

Lebed, Mitchell, Swanson, PPNP93(2017)143

𝑀𝑀𝐵𝐵 −𝑀𝑀𝐾𝐾 ≈ 4.8 GeV 𝑀𝑀Λ𝑏𝑏 − 𝑀𝑀𝐾𝐾 ≈ 5.1 GeV
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Production processes of hidden-charm states
 Difficulties for multi-hadron final states

 Many resonances from the cross channel:                                                           
branching fractions often unknown, interference between overlapping resonances, 
multi-channel unitarity, …

 3-body FSI is even more complicated:

𝐵𝐵

𝐵𝐵

𝐵𝐵
𝜓𝜓 𝜓𝜓

𝜓𝜓

𝐾𝐾

𝐾𝐾
𝐾𝐾

intermediate states can be different from external ones; threshold cusps; 
triangle singularities or more complicated Landau singularities

 We need combined th.+exp. efforts: other production processes; better knowledge 
of light-flavor resonances; amplitude analysis framework considering the above 
subtleties
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 In 𝑒𝑒+𝑒𝑒− collisions, 

Production processes of hidden-charm states

 Energy coverage limited:  ≲ 4.6 GeV @BESIII, thus 

 Vector heavy quarkonia; little is known above that energy (BESIII is taking data); 

 for other quantum numbers, even lower mass accessible: 𝑒𝑒+𝑒𝑒− → 𝑋𝑋 + 𝛾𝛾/pions;       

resonances decaying into 𝜓𝜓𝜙𝜙,𝜓𝜓𝜓𝜓 cannot be studied

 No access to charm-anticharm baryon-pair thresholds, e.g., Λ𝑐𝑐+Λ𝑐𝑐−; no access to 

thresholds of a pair of excited charm mesons, e.g., 𝐷𝐷1�𝐷𝐷1

 𝑒𝑒+𝑒𝑒− → 𝛾𝛾ISR𝑌𝑌 and two-photon processes: much  lower rates

𝑒𝑒+𝑒𝑒− → 𝛾𝛾ISRΛ𝑐𝑐+Λ𝑐𝑐−

Belle, PRL101(2008)172001


	Heavy hadron spectroscopy �at Electron-Ion Colliders
	幻灯片编号 2
	幻灯片编号 3
	幻灯片编号 4
	幻灯片编号 5
	幻灯片编号 6
	幻灯片编号 7
	幻灯片编号 8
	幻灯片编号 9
	幻灯片编号 10
	幻灯片编号 11
	幻灯片编号 12
	幻灯片编号 13
	Thank you for your attention!
	幻灯片编号 15
	幻灯片编号 16
	幻灯片编号 17
	幻灯片编号 18
	幻灯片编号 19

